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ABSTRACT

In thisthesis, a method for forward and inverse kinematics analysis -@@Fand a 7
DOF Redundant manipulator is proposeédbtaining the trajectory and computing the
required joint angles for a higher DOF robot manipulator is one of the important concerns in
robot kinematics and controWhen a robotic system possesmore degree ofréedom
(DOF) than those requiretb executea given taskis called RedundantManipulator.The
difficulties in solving the inverse kinematicd8K) equations ofthese redundantroba
manipulator arisesdue to the presence of uncertain, time varying raovdlinear nature of
equations having transcendental functiolmsthis thesis the ability of ANFIS (Adaptive
NeuroFuzzy Inference System) is usedthe generated data for solvingverse kinematics
problem. The proposed hybrideurofuzzy system combines the learning capabilities of
neural networks with fuzzy inference system for nonlinear function approximation. A-single
output Sugenaype FIS (Fuzzy Inference System) using grattitioning has been modeled
in this work. The DenaviHartenkerg (D-H) representation is used to model robot links and
solve the transformation matrices of each joint. The forward kinematics and inverse

kinematics for a HOF and7-DOF manipulatoare amalyzed systemically.

ANFIS have been successfully used for prediction of IKs5dDOF and 7-DOF
Redundantmanipulatorin this work After comparing the outpuit is concluded that the
predicting ability of ANFIS is excellerds this approach provides a gendrame workfor
combinationof NN and fuzzy logic. The Efficiency of ANFIS can be concluded by observing
the surface plot, residual plot and normal probability plot. This cursandy in using
different nonlinear modelfor the prediction of the IKs of a-®DOF and DOF Redundant

manipulator will give avaluable source of information for otheodellers

Keywords: 5-DOF and DOF Redundant Robot Manipulator; Inverse kinematics; ANFIS;
DenavitHarbenterg (BH) notation.
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Chapter 1

1. INTRODUCTION

1.1.Introduction to Robotics

Word robot was coined by@zech novelist Karel Capek in 1920.he term robot derives
from the Czech word robota, meaniniprced work or compulsoryservice A robot is
reprogrammable, multifunctionahanipulator designed to move material, pattgls, or
specialized devices througlariousprogrammed motions for the performance obaiety of
tasks[1]. A simpler version it can be define ag, automatic device that performs functions

normallyascribed to humans or a machine in the form of a human

1.2. History of Robotics

The first ndustrialrobot namedJNIMATE; it is the first programmablebotdesigned by
GeorgeDevolin1954 who coinedhe termUniversal Automation. The first UNIMATE was
installed at a General Motors plant to work with heateecdging machines.

Figure 1. The firstindustrial robot: UNIMATE
In 1978, he Puma (Programmabliiversal Machine foAssembly) robot is developed
by Victor Scheinmarat pioneeringobot company Unimation with a Genensllotors design
support These robots are widely used in various organisations such as Nokia corporation,

NASA, Robotics and Weldingrganization
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Figure 2. Puma Robotic Arm

Then the roboindustries enters a phase of rapid growth to till date, as various type of

robot are being developed with various new technology, which are being used in various

industries for various work. Few of these milestones in the history of robotics are given

below.
19479
19489
19499
19549
19560

19616

19616
19630
19716
197308
19740
197508
19760

19760
19780

19796

The first servoed electric powered teleoperator is developed

A teleoperator is developed incorporating force feedback

Research on numerically controlled milling machine is initiated

George Devol designs the figgtogrammable robot

Joseph Engelberger, a Columbia University physics student, buys the rights to
Devol 6s robot and founds the Unimation
The first Unimate robot is installed in a Trenton, New Jersey plant of General
Motors to tencandie casting machine.

The first robot incorporating force feedback is developed.

The first robot vision system is developed.

The Stanford Arm is developed at Stanford University.

The first robot prognraming language (WAVE) is developed at Stanford
Cincinnati Milacron introduced the T3 robot with computer control

Unimation Inc. registers its first financial profit

The Remote Center Compliance (RCC) device for part insertionemddg is

developed at Draper Labs in Boston

Robot arms are used on the Viking | and Il space probes and land an Mars

Unimation introduces the PUMA robot, based on designs from a General Motors

study.

The SCARA robot design is introduced in Japan

Mechanical Engineering Department, N.I.T Rourkela Page3
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19815 The first directdrive robot is developed at Carneditellon University
1982 Fanuc of Japan and General Motors form GM Fanuc to market robots in North
America
1983 Adept Technology is founded asdccessfully markets the direct drive rabot
198 The underwater robot, Jason, of the Woods Hole Oceanographic Institute, explores
the wreck of the Titanic, found a year earlier by Dr. Robert Barnard.
1988 Staubli Group purchases Unimation fraffestinghouse
1988 The IEEE Robotics and Automation Society is formed
1993 The experimental robot, ROTEX, of the German Aerospace Agency (DLR) was
flown aboard the space shuttle Columbia and performed a variety of tasks under both
teleoperated and sendoaised offline programmed modes
19969 Honda unveils its Humanoid robot; a project begun in secret in. 1986
199 The first robot soccer competition, RoboGaip, is held in Nagoya, Japan and
draws 40 teams from around thenldo
19909 The Sojourner mobile robot travels to Mar
Mission
20016 Sony begins to mass produce the first household robot, a robot dog named Aibo
20010 The Space Station Remote Manipulation System (SSRMS) is lauimchpdce
on board the space shuttle Endeavor to facilitate continued construction of the space
station
20010 The first telesurgery is performed whesurgeons in New York performed
laparoscopic gall bladder removal amvoman in Strasbourg, France.
20016 Robots are used to search for victims at the World TGeldresite after the
September 1 tragedy
200 Hondads Hu mASiMDIriags tReoopening bell at the New York Stock
Exchange on February 15
2000 NASAGs Mars Expl or at i oMarsinseach of answers | | aunc
about the history of water on Mars
2004 The humanoid, Robosapies created by US robotigshysicist and BEAM expert,
Dr. Mark W Tilden.
2005 The Korean Institute of Science and Technology (KIST), created HUBG;laints
it is the smartest mobile robot in the world. This robot is linkeddoraputer via a
high speed wireless connection; the computer does all adhthieing for the robat

2006 Cornell University revealed its "Starfish" robot, 4e¢ged robot capable of self
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modelling and learning to walk after having been damaged.

200 TOMY (Japanese toy co. Ljdaunched the entertainment robetpbot whichis a
humanoid bipedal robot that can walk like a human beings and performs kicks and
punches and also soraatertaining tricks and special actions under "Special Action
Mode".

201® To presend Robonaut 2the latest generation of the astronaut helpers, launched to
the space station aboaggace Shuttle Discovepn theSTS 133 mission. It is the
first humanoid roboin space, and althgh its primary job for now is teaching
engineers how dexterous robots behave in space, the hope is that through upgrades
andadvancements, it could one day venture outside the station to help spacewalkers
make repairs or additions to the station afgren scientific work

1.3.Laws of Robotics
Asimov [2] proposed three "Laws of Robotics”, and later add@érath law'.
Zeroth Law: A robot may not injure humanity, or, through inaction, allow humanity to come

to harm.

First Law: A robot may not injure a human being, or, through inaction, allow a human being

to come to harm, unless this would violate a higher order law.

Second Law:A robot must obey orders given it by human beings, expect where such orders

would conflict with a ligher order law.

Third Law: A robot must protect its own existence as long as such protection does not

conflict with a higher order lay8].

1.4.Components and Structure of Robots
The basic components ah industrial robot are:
1 The manipulator
1 The EndEffector (Which is a part of the manipulator)
1 The Power supply
1 The controller

Robot Manipulators are composed of links connected by joints into a kinematic chain.

Mechanical Engineering Department, N.I.T Rourkela Pageb
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Joints are typically rotary (revolute) or linear (prismati&)revolute joint rotates about a

motion axis and a prismatic joint slide along a motion axis. It can also be define as

prismatic jointis a joint,where the pair of links makes a translational displacement along a

fixed axis. In other words, one link slides on the other along a stramghtTiherefore, it is

also called a sliding joint.A revolute jointis a joint,where a pair of links rotates about a

fixed axis. This type of joint is often referred to as a hinge, articulated, or rotational joint

Revolute Prismatic
e,
/ N\
/ - "ﬂ:'----- \_I .
2D (@) S— .
—\L._____ ___,.—"r_--- /
T - =
7 N\
3D rf’f ’{/ \'I-; _____B.-—-"'
——y |
N
Figure 3. Symbolic representation of robot joints.
Theendef fect or which is a gripper tool,

arm, actually performs the work.

Power supply provides and regulates the energy that is convertedtitm rog the robot

actuatorand it may be electric, pneumatic, or hydraulic.

a

Spec

The controller initiates, terminates, and coordinates the motion of sequences of a robot. Also

it accepts the necessary inputs to the robot and provides the outputs to intettiatiee w

outsideworld. In other words the controll@rocesseshe sensory information and computes

the control commands for the actuator to carry out specified tasks.

1.5.Redundant Manipulator

A manipulator is required have a minimum of six degree of freedom if it needs to acquire any

random position and orientation in its operational space or work space. Assuming one joint is

Mechanical Engineering Department, N.I.T Rourkela
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required for each degree of freedom, such a manipulator needs aonpesed of minimum

of six joints. Usually in standard practice three degree of freedom is implemented in the
robotic arm so it can acquire the desired position in its work space. The arm is then fitted
with a wrist composed of three joints to acquire tbsir@d orientation. Such a manipulator is
called norredundant. Though neredundant manipulators are kinematically simple to design
and solve, but the neredundancy leads to two fundamental problems: singularity and
inability to avoid obstacles. The sungrities of the robot manipulator are present both in the
arm and the wrist and can occur anywhere inside the workspace of the manipulator. While
passing through these singularities, the manipulator can effectively lose certain degree of
freedom, resultig in uncontrollability along those directions [4]. The obstacle avoidance is
another desirable characteristic to effectively plan the motion trajectories, especially for
manipulators designed to perform demanding tasks in constricted environment [ShoVee a

two problems can be solved by adding a additional degree of freedom to the manipulator [6]
These additional degree of freedom can be added to the joints, which effectively become
singular in certain positions like shoulder, elbow, or wrist and heatieth overcome the
singularities or obstacles avoidance. So a redundant manipskaiold possess at least one
degreeof-freedom (DOF) more than the number required for the general free positioning
The Redundant can also be define dsgmva manipulataran reach a specified position with

more than one configuration of the linkages , if@nipulator is said to be redundalRtom a
general point ofziew, any robotic system iwhich the way of achieng a given task is not
uniquemay be callededundant.

A redundant manipulator offer several potential advantages over aedondant
manipulator. The extra DOF that require for the free positioning of manipulator can be used
to move around or between obstacles and thereby to manipulate in situations tives®the
would be inaccessible. Due to the redundancy the manipulators become flexible, compliant,

extremely dextrous and capable of dynamic adaptive, in unstructured environment.

1.6. Degree of Freedom(DOF)

The number of joints determines thkegreesof-freedom (DOF) of the manipulator.
Typically, a manipulator should possess at least six independent DOF: three for positioning
and three for orientation. With fewer than six DOF the arm cannot reach everyirpagt
work environment with arbisiry orientation. Certain applications such as reachingnd or

behind obstacles require more than six DOF. The difficulty of controlling a manipulator

Mechanical Engineering Department, N.I.T Rourkela Page7
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increases rapidly with the number of links. A manipulator having more thahnks is
referred to as kinematically redundant manipulator.
1.7.Motivations

The motivation for this thesis is to obtain the inverse kinematic solutions of redundant
manipulator such as-BOF Redundant manipulator aneDDF Redundant manipulator. As
the inverse kinematic equatiori these types of manipulators contain fimear equations,
time varying equations arnanscendentaiunctions.Due to the complexity in solving this
type of equation by geometric, iterative or algebraic metisodery difficult and time
consuming.lt is very important to solve the inverse kinematics solution for this type of
redundant manipulator to know the exact operational space and to avoid the obStacles.
various researcher had applied various methods for solving the kinematic equation. L.
Sciavico etal. [7] used inverse jacobian, pseudo inverse jacobian or jacobian transpose and
solve the IK problem of-DOF redundant manipulator iteratively. But the main drawback of
this method are, these are slow and suffer from singularity issue. Shimiz|8tpabposed
an IK solution for the PA 1:GC 7-DOF manipulator and considered arm angle as redundancy
parameter. In his study, a detailed analysis of the variation of the joint angle with the arm
angle parameter is considered, which is then utilizessflundancy resolution. However link
offset were not considered in his work. Some authors also applied ANN, due to its adapting
and learning nature. Although ANN are very efficient in adopting and learning but they have
t he negative at tToiodenedme thie drawldabk| varoks adihorxadopted
neuro fuzzy method like ANFIS (Adaptive Netfizzy Inference system). This can be
justify as ANFIS combines the advantage of ANN and fuzzy logic technique without having
any of their disadvantage [9]. €meuro fuzzy system are must widely studied hybrid system
now a days, as due to the advantages of two very important modelling technique i.e. NN [10]
and Fuzzy logic [11]. So the goal of this thesis is to predict the inverse kinematics solution
for the relundant manipulator using ANFIS. As a result suitable posture and the trajectories

for the manipulator can be planned for execution of different work in various fields.

1.8.Objectives of the Thesis

The objective of this thesis is to solve the inverse kinematics equations of the redundant
manipulator. The inverse kinematics equations of this type of manipulator are highly
unpredictable as this equation are highly-finear and contains transcenderitaiction. The
complexity in solving this equation increases due to increase in higher DOF. So various

authors had used neufazzy method (ANFIS) to solve the ndinear and complex equations
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arise in different field. ANFIS was adopted by different researcher in their work, for
mathematical modelling of the data, as it have high range of potential for solving the complex
and nonlinear equations arise in different field like in marketing, manufagturdustries,
civil engineering etc. Li ke et al. [12] applied ANFIS to solve the forecast problem of
microwave effect by adopting microwave parameters and its threshold as variable. Then they
develop an ANFIS model to study its forecasting ability. By ganmg the output of ANFIS
with training and testing data, they concluded with good forecasting ability, small error and
low data requirement are found with ANFIS. Srinivasan et al. [13] applied ANFIS based on
PD plus | controller tahe dynamic modebf 6-DOF robot manipulator (PUMA Robot).
Numerical simulation using the dynamic model eD6OF robot arm shows the effectiveness
of the approach in trajectory tracking problems. After the successfully implementation of
ANFIS in various field for solving the melinear equations, it is concluded that ANFIS is a
best technique can be used for solving the lmar equation arises in the inverse kinematic
eqguation in robotics.
The main objectives of this thesis can be summarized as:
T The difficulties in solvingthe Inverse kinematics (IK) of theedundant manipulator
increases, as the IK equations posses an infinite number of solution due to the presence
of uncertain, time varying and ndimear nature of these equations having
transcendental function$o in thisthesis ANFIS isadopted for estimating the IK
solution of a 7DOF Redundant manipulator.
T The DenavitHarbenterg (BH) representation is used to model robot links and solve
the transformation matrices of each joint.
T The solution of the IK of redundant maulator predicted by the ANFIS model is
compared with the analytical value. It is found that phedicting ability of ANFIS is
excellent As it is a combination of neural network (NN) and nefuzzy (NF)
technique.
I The data predicted with ANFIS forBOF and DOF Redundantmanipulatoy in
this workclearly depicts that the proposed method results in an acceptable ldermae
ANFIS can be utilized to provide fast and acceptable solutions of the inverse
kinematics thereby makingANFIS as an alternate approach to map the inverse
kinematic solutions.
1.9.Research methods
The theoretical discussion and results, or the method adopted in this thesis regarding the

prediction of inverse kinematics solution of the redundant manipulator have kegén
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general without reference to any particular manipulator. The purpose is to keep the findings
useful for other developments and continue the research and discussion process on a wider
scale. In the latter part of the thesis, the ANFIS methodology fesdtie prediction of IK
solution of the redundant manipulator is carried out and the predicted values are verified with
the analytical values. The-B notation is used to model the robot link and solve the
transformation matrices of each joint. Then npijting each transformation matrices gives

the global transformation matrix of the manipulator. The global transformation matrix
consists of the position and orientations of the joint, and gives the forward kinematics
equations. Then, using this forward &matics equation with the joint limits, the position of

the endeffector are been calculated. The position of theeffettor is taken as the inputs to
trained in ANFIS to calculate the joint angles as output, this leads to the IK. The forward and
inversekinematics of the redundant manipulator is briefly described in the latter chapter. The
data are trained in ANFIS many times such as to get a appropriate mathematical model. After
the training of the data, the predicted values are compared with theicaiahgiue. The
residual of the analytical and predicted values are found out and the mean square error,
normal probability plot and the regression plots are also carried out. It is concluded that the
mean square error and the residual are accepted, yheraking ANFIS as an alternative

technique for solving the nelmear equation of redundant manipulator.

1.10. Structure of the Thesis

The thesis is divided into 7 chapters covering the literature review, forward and inverse
kinematics, ANFIS architecture, rdsand discussion, summary and conclusion followed by
references. A brief description of each chapter is provided in the following paragraph.
Chapter 2 provides the literature review relevant to the research work. An effort has been
made to comprehensivetyover the work of different researchers in the field robotics for
study of inverse kinematic. Various methods used by different authors for solving the IK is
covered in this part.
In chapter 3 the theoretical back ground for forward and inverse kinemaléscribed. The
chapter starts with a description of basic principle and assumption useeHawEation and
leads to the formulation and mathematical representation of forward and inverse kinematics
of the 5DOF and YDOF redundant manipulator.

The description of the ANFIS methodology used in this work is the subject of chapter 4. It

covers the steps to carry out the ANFIS technology such as loading, training and testing of
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the data. It describe about the membership functions, number of mermpbersttions, and
total number of rules are used with the ANFIS structure diagram.

The result and discussions are carried out in chaptércbmprises of 3D surface viewer
plots of all joint angles with input parameters feD®F and YDOF redundant mapulator.
The residual plots, normal probability plots and the regression plots are given in this chapter.
The summary and conclusion of the research work are presented in chapter 6. The chapter
also contains brief discussion about the topic which may wharequire further study and
investigation.

The thesis is concluded in chapter 7 with references.

*kkkkkk
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CHAPTER 2
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Chapter-2

2. LITERETURE REVIEW

Obtaining the inverse kinematics solution has been one of the main concerns in robot
kinematics research. The complexity of the solutions increases with higher DOF due to robot
geometry, noflinear equations (i.etrigopnometric equations occurring when transforming
between Cartesian and joint spaces) and singularity problems. Obtaining the inverse
kinematics solution requires the solution of nonlinear equations having transcendental
functions. In spite of the difficulties andrte consuming in solving the inverse kinematics of
a complex robot, researchers used traditional methods like alggbthigeometrid15], and
iterative[16] procedures. But these methods have their own drawbacks as algebraic methods
do not guarantee ded form solutions. In case of geometric methods, closed form solutions
for the first three joints of the manipulator must exist geometrically. The iterative methods
converge to only a single solution depending on the starting point and will not work near
singularities [17]. In other words, for complex manipulators, these methods are time
consuming and produce highly complex mathematical formulation, which cannot be
modelledconcisely for a robot to work in the real world. Calderon efld] proposeda
hybrid approach to inverse kinematics and control and a resolve motion rate control method
are experimented to evaluate their performances in terms of accuracy and time response in
trajectory tracking. Xu et aJ19] proposedan analytical solution for aaBOF manipulator to
follow a given trajectory while keeping the orientation of one axis in theeéfadtor frame
by considering the singular position proble@anet al.[20] deriveda complete analytical
inverse kinematic§lK) model, which is able to comtl theP2Armto any given position and
orientation, in its reachable space, so thatRBArmgripper mounted on a mobile robot can
be controlled to move to any reachable position in an unknown environment. Utilization of
artificial neural networks (ANNgand fuzzy logic for solving the inverse kinematics equation
of various robotic arms is also considered by researcHaan and Assadi [2Hdopted an
application of ANN to the solution of the IK problem for serial robot manipulators. In his
study, two neworks were trained and compared to examine the effect of the Jacobian matrix

to the efficiency of the inverse kinematics solution.

A Kinematically redundant manipulator is a robotic arm posses extra degree of freedom
(DOF) than those required to establish an arbitrary position and orientation of the end

effector. A redundant manipulator offer several potential advantages overradumadant
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manipuldor. The extra DOF that require for the free positioning of manipulator can be used
to move around or between obstacles and thereby to manipulate in situations that otherwise
would be inaccessible [22],[23],[24]. Due to the redundancy the manipulatorsndeco
flexible, compliant, extremely dextrous and capable of dynamic adaptive, in unstructured
environment [25]. The redundancy of the robot increases with increasing in DOF and there
exist many IKsolutionsfor a given enekeffector configuration for thisype of robot. So
various researcher have proposed many methtwisolve the IK equation of redundant
manipulator. L. Sciavicco et.a[26] used inverse jacobian, pseudo inverse jacobian or
jacobian transpose and solve the IK problem-8fQF redundant mapulator iteratively. But

the main drawback of this method are, these are slow and suffer from singularity issue.
Shimizu et.al. [27] proposed an IK solution for the PA7ID 7-DOF manipulator and
considered arm angle as redundancy parameter. In his studgiailed analysis of the
variation of the joint angle with the arm angle parameter is considered, which is then utilizes
for redundancy resolution. However link offset were not considered in his work. An
analytical solution for IK of a redundantDOF manipulator with link offset was carried out

by G.K Singh and J. Claassens [28]. They have considereb@F7Barrett whole arm
manipulator with link offset and concluded that the possibility e¢élbow and outlbow

poses of a given ergffector pose ariselue to the presence of link offset. They also
presented a geometric method for computing the joint variable for any geometric pose. Dahm
and Jublin [29] used angle parameter as redundancy and derived afolosedverse
solution of ZDOF manipulator. Téy also analysed the limitation of the parameter caused by

a joint limit based on a geometric construction. The analysis has its own drawback as priority
is being given to one of the wrist joint limit. Based on the clefeech inverse solution and

using agle parameters by Dahm and Joublin in his work, Moradi and Lee [30] minimised

elbow movement by developing a redundancy resolution method.

Due to the presence of ndinearity, complexity, and transcendal function as well as
singularity issue in solving &lK, various researchers used different methods like iteration,
geometrical, closefbrm inverse solution, redundancy resolution as discussed in above
theory. But some researchers also adopted methods like algorithms, neural network, neuro
fuzzy in recentyear for solving the netinear equation arises in different area such as in civil
engineering for constitutive modelling [31], for structural analysis and design [32], for
structural dynamics and control [33], for Adastructive testing methods of maaéf34] and

many disciplines including business, engineering, medicine, and science [35]. Liegeois [36]
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first introduced a gradient projection algorithm to utilise the redundancy to avoid mechanical
joint limit. In his work, he obtained a homogeneous sofu by considering the pseudo
inverse method and projected it on to the null space of jacobian matrix but selection of
appropriate scalar coefficient that determine the magnitude of self motion and oscillation in
the joint trajectory are the main drawbaakthis algorithm. One of the main drawbadks
utilize redundantmanipulators in an industrial environment is joint drifbe well known
Closedloop inverse kinematics (CLIK) algorithm was proposed by Siciliano [37], to
overcomethe joint drift foroperchain robot manipulatorgy including thefeedback for the
endef f ect or 0 s orign@ton Wampler B8 praposed a least square method to
generate the feasible output around singularities, by utilising a generalised inverse matrix of
jacobian, kiown as singularity robust pseudoinverse.

Due to the adapting and learning nature, ANN is an efficient method to soMeean
problems. So it has a wide range of application in manufacturing industry, precisely for
Electro discharge machining (EDM) quess. Various authors had adopted ANN with
different training algorithms namely Levenbévi@rquardt algorithm, scaled conjugate
gradient algorithm, Orient descent algorithm, Gaussi Netwon algorithm and with different
activation finction like logistic sigid, tangent sigmoid, pure lin to model the EDM process.
Mandel et.al. [39] used ANN with back propagation as learning algorithm to model EDM
process. They concluded that by considering different input parameters such as roughness,
material removal rate (RR), and Tool wear rate (TWR) are found to be efficient for
predicting the response parameters. Panda and Bhoi [40], predicted MRR of D2 grads steel
by developing a artificial feed forward NN model based on Leverlenguardt back
propagation technique driogistic sigmoid activation function. The model performs faster
and provides more accurate result for predicting MRR. Goa et.al. [41] considered different
algorithm like L-M algorithm, resilient algorithm, Gauslewton algorithm to established
different model for machining process. After several training of models and comparing the
generalisation performance they conclude thatl lalgorithm provides faster and more
accurate result. Despite of the NN approach by different authors as discussed above, some
authors have also adopted neuro fuzzy (NF) method for solvinglimesr and complex
equation. Although ANN are very efficient in adopting and learning but they have the
negative attribute of O0black boxd. Toro over c
fuzzy method like ANFIS. This can be justify as ANFIS combines the advantage of ANN and

fuzzy logic technique without having any of their disadvantage [42]. The neuro fuzzy system
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are must widely studied hybrid system now a days, as due to the adsmnpfagyvo very
important modelling technique i.e. NN [43] and Fuzzy logic [44]. Malki et.al. [45] adopted
adaptive neuro fuzzy relationships to model the-&0A Black Hawk pilot floor vertical
vibration. They have considered 200 data of-6BA helicopter light envelop for training

and testing purpose. They conducted the study in two parts i.e. the first part involves level
flight conditions and the second part involves the entire (200 points) database including
maneuver condition. They concluded from thetudy that neuro fuzzy model can
successfully predict the pilot vibration. LI ke et.al. [46] applied ANFIS to solve the forecast
problem of microwave effect by adopting microwave parameters and its threshold as
variable. Then they develop an ANFIS modelstudy its forecasting ability. By comparing

the output of ANFIS with training and testing data, they concluded with good forecasting
ability, small error and low data requirement are found with ANFIS. Srinivasan et.al. [47]
applied ANFIS based on PD pluscontroller tothe dynamic modebf 6-DOF robot
manipulator (PUMA Robot). Numerical simulation using the dynamic model®E robot

arm shows the effectiveness of the approach in trajectory tracking problems. Comparative
evaluation with respect to PIByzzy PD+I controls are presented to validate the controller
design. They concluddthat a satisfactory tracking precisioauld be achieved using ANFIS
based PD+l controllecombination than fuzzy PD+l only or conventional PID only.
Roohollah Noori et.a[48], prediced daily carbon monoxide (CO) concentration in the
atmosphere of Tehran bgeans of ANNandANFIS models.In this study they useBorward
selection (FS) and Gamma test (GT) methdds selecting input variables fateveloping

hybrid modelswith ANN and ANFIS. They concluded that Input selection improves
prediction capability of both ANN and ANFIS models and it not only reduces the output error
but reduces the time of calculation due to less input varidlbleYlzgec¢ et.al., [49
investigate different modelingpppr oaches and compares for dr
fluidized bed dryebased on ANN and ANFIS. In this work they investigates four modelling
concepts:modelling based on the maaad energy balance, modelling based on diffusion
mechanism in the granule, modelling based on recud&® and modelling based on
ANFIS, to predict thelry matter of product, product temperature and product quality.

Most of the researchers have studied only a limited numbers of nonlinear model using
ANFIS and ANN, as discussed above in the above theory. Despite the widespread application
of these nonlinear mathematical models in various field such as in civil engineering,
manufacturing industry, marketing field, business field, some authors have oautied

comparison study using different nonlinear models of NN and NF, which gives a valuable
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information for modellers. Mahmut Bilgehan [5Ccarried outthe buckling analysis of
slender prismatic columngith a single nofpropagating open edge crack ®digd to axial

loads using ANFIS and ANN model. The main feature of his wortoistudy the feasibility

of using ANFIS and NNor predicting the critical buckling load éiked-free, pinneepinned,
fixed-pinned and fixedixed supported, axially loadedompression rods.After the
comparative study made using NN and NF technique, he concluded that the proposed ANFIS
architecture with Gaussian membership function is found to perform better thiean
multilayer feed forward ANN learning by bagkopagationalgorithm. Mahmut Bilgehan

[51], again considered the same model of NN and NF as usednfdysis of slender
prismatic columnsand had successfully applied it for the evaluation of relationships between
concrete compressive strength and ultrasonic prdgeeity (UPV) values using experiment

data obtained from many cores taken from different reinforced concrete structure having
different ages and unknown ratio of concrete mixture. He carried out a comparative study of
NN and NF technigue on the basis tdtistical measure to evaluate the performance of the
model used. Then by comparing the result, he found that the proposed ANFIS architecture
performed better than the multilayer feledward ANN model.

In the present study, ANFIS is implemented to aralihe kinematics equation of PArm
5-DOF robot manipulatorhaving 6DOF endeffector and #DOF redundant manipulator.
Jang [52]reported that the ANFIS can be employed to model nonlinear functions, identify
nonlinear components dme in a control systemand predict a chaotic time series. It is a
hybrid neurafuzzy technique that brings learning capabilities of neural networks to fuzzy
inference systems. The learning algorithm tunes the membership functions of a Mamdani or
Sugenetype Fuzzy Inference Sysh using the training inpwdutpu data. According to Jang
[53], ANFIS is divided into two steps. For the first step of consequent parameters training,
the leastsquare(LS) method is used and the output of ANFIS is a linear combination of the
consequent grameters After the consequent parameters have been adjusted, the premise
parametersre updated by gradiedescenfrinciple in the second step. It is concluded that
ANFIS use the hybrid learning algorithm that combines least square methodradlient
descent methodo adjust the parameter ofiembership functionThe detail coverage of
ANFIS can be found in (Jang, [52]; Jang, [53]; Sadjadian et al., [B4]g to its high
interpretabilityand computational efficiency and buiitt optimal and adaptive eichniques,
ANFIS is widely used in pattem@cognition robotics, nonlinear regression, nonlinear system

identification and adaptive system processing and also it can be used to predict the inverse
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kinematics solution. It is to be noted that ANFIS is duéafor solving complex, nonlinear
mathematical equation for control of higher DOF robot manipulators.

*kkkk
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Chapter 3
3. FORWARD KINEMATICS AND INVERSE KINEMATICS

In this section of the thesis the forward kinematics and the inverse kinematics of the 5
DOF and 7DOF redundant manipulator is discussed. The Deitdaitenberg (BH)
notation for these two manipulators is discussed with steps used for deriving thedforwar
kinematics is presented. Then this chapter is concluded with the solution of inverse
kinematics for the ®OF redundant manipulator is given.

The forward kinematics is concerned with the relationship between the individual joints
of the robot manipular and the positiofix,y, and z)and orientatior(f ) of the endeffector.

Stated more formally, the forward kinematics is to determine the position and orientation

of the endeffector, given the values for the joint variab{e®; , &; ,d;, a;) of the robot. The

joint variables are the angles between the links in the case of revolute or rotational joints, and
the link extension in the case of prismatic or slidimigts. The forward kinematics ito be
contrasted with the invers@nematics, which will be studied in the next section of this
chapter, and which is concerned with determining values for the joint variables that achieve a
desired position and orientation for the aftector of the robotThe above mention theory is

explained diagrammatically in figure 4.

Inputs: 1 and 3, output: 2

Positi d
Joint angles(ql,qz, ...... q ) Forward O_SI |on.an
" > Kinematics »| Orientation of
Where n = natural number. EndEffector.
a
1) 2)

Link parameters

3

A 4
Inverse <
kinematics

Inputs: 2 and 3, output: 1

Figure 4. Forward and Inverse kinematics scheme
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3.1.Denavit-Hartenberg Notation (D-H notation)
A Robot manipulator with n joints (from 1 to n) will have+1 links (from O to n,
starting from base), since each joint connect to two liBksthis convention, joint i connect
link i-1to link i. It is considered that the location of the joint i to be fixed with respect to link
i - 1. Each link of the robot manipulator is considered to be rigidly attached to a coordinate

frame for performing the kinematics analysis. Intatar, link i is attached t®,X;y;z;. It

implies that whenever the robot executes motion, the coordinate of each point on the link i

are constant when expressed in thecoordinate frame. Furthermore when joint i actuate,
link i and its attached frame X;y;z;, experience a resulting motion. The fram@,Yy,Z, is a

inertial frame as it attached to the robot base.

Now supposea, is the homogeneous transformation matrix that express the position and
orientation of 0,X;y;z;with respect to0;_(X;_1Y;.1Z.,, Where matrixa, is not constant but
varies as the configuration of the robot changsgain the homogeneous transformation
matrix that expresses the position and orientatio%;z; with respect tao;X;y;z;is called,
by convention, a global transformation matrix [55] and denotet.by

T=1if i=]
. P
T = (Til) if j>i

As the links are rigidly attached to the corresponding frame, it concludes that the position
of any point on the endffector, when expressed in the frame n, is a constant independent of
the configuration of the robot. Hence the transformation matrixsgihe position and
orientation of the enéffector with respect to the inertial frame. SeHnhotation of the joint
is introduced with some convention to solve this matrix. The convention and stepgHfor D
notation is represented as follows [56].

The following steps based onB notation are used for deriving the forward kinematics,
Step 1: Joint axe&,...,Z,.1are located and labelled.

Step 2: Base frame is assigned. Set the origin anywhere afy thexis. The x,and y, axes

are chosen conveniently to form a rigt&nd frame.
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Step 3: The origirD; is located, where the common normaldoandZ;_; intersects &; . If
Z; intersectZ;_, d;located at this intersectiotf. Z; and Z;_,are parallel, locat®; in
any convenient position aloidg.

Step 4:X; is consideredilong the common normal betweet)_, and z; througho;, or in
thedirection normal to thg,_; - z; plane if Z;_; and z; intersect.

Step 5:Y;is establiskedto complete a righhand frame

Step 6 The endeffector frames assigned ae,X,Y,Z,. Assuming then™ joint is revolute,

set Z,, =aalong the directionz, ;. The origin on is takeronveniently alongZ,

direction, preferably at the centre of the gripper or at the tip of any tool that the

manipulatomay be carryig.

Step 7: All the link paramete€, &;,d;,a; are tabulated.

Joint 2

Joint 7 — 1

Figure 5. D-H parametersof a link i.e. 0, &;,d;,a;
Step 8: Thehomogeneous transformation matricés is determinedby substituting the
above parameteesshown in equation (1).
Step 9:Then the global transformation matﬁi(End is formed, as shown in equation (2).

This then gives the position and orientation of the fi@he expressed in base coordinates.

In this convention, each homogeneous transformation makrils represented as a
product of four basitransformations

A, =Rot(z,q)Trangz,d,) Trangx,a)Rot(x ,a;)
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&codd) - sind)cos() sin@)sin) acost)s

_gsin@d)  cos@)cos() - coddsind) asin@) 1
é 0 sin) cos() d u v
&€ 0 0 0 1 g

Wherefour quantities);, &, ,d;,a; are parameter associate with link i and joint i. The

four parametersy;, &;,d;, &, in the above equation are generally given name as joint angle,

link length, link offset, and link twist.

3.2.The forward kinematics of a 5DOF and 7-DOF Redundant manipulator.

3.2.1. Coordinate frame of a 5DOF Redundant manipulator.

Figure 7.Coordinate frame for the 5DOF Redundant manipulator
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Table 1. Angle of rotation of joints

Types of Joint

Range of Rotation

Rotating baseshoulder (, ) 0°- 180
Rotating elbow ¢, ) 0°- 150
Pivoting elbow @) 0° - 150
Rotatingwrist (g, ) 0°- 85
15’ - 45

Pivoting wrist )

3.2.2. Forward kinematics calculation of the 5DOF Redundant manipulator.

Robot control actions are executed in the joint coordinates while robot motions are

specified in the Cartesian coordinat€anversion of the position and orientation of a robot

manipulator engffecter from Cartesian space to joint space is called as inverse kinematics

problem, which is of fundamental importance in calculating desired joint angles for robot

manipulator desigrand control. The Denavilartenberg (DH) notation and methaogy

[56] is used to derive the kinematics of th®® OF Redundanimanipulator. The coordinates

frame assignment and the DH parameters are depicted in Figure 2 and listed in Table 2

respectivelywhere (x,,y,,z,)represents the local coordinate frames at the five joints

respectively, (Xs,Ys,Z5) represents rotation coordinate frame at theerfdf ect or
represents rotation about theaXis and transition on about the ¥xis, d; transition along the

Z-axis, andd; transition along the axis.

Table 2. The D-H parameters of the5-DOF Redundant manipulator.

Frame q; (degree) d; (mm) a; (mm) a; (degreg

G-O a, d, =130 a, =70 -90

0. ¢O; a, 0 a, =160 0

0:¢ 0y - 90+, 0 0 90

G;¢ 0Oy d, d, =140 0 90

0, Os s 0 0 -90

01403 0 ds =120 0 0
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The transformation matrix Ai between tweighbouringframes O;_, and O; is expressed

in equation (1) as,

A. =Rot(z,¢)Trangz,d ) Trangx, a )Rot(x ,a;)

&odd;) - sinch)cos(l) sin@)sin(G)  acost)e
_gind)  cosgh)cos@) - codd;)sin@) aysin() g

- o ‘ 1
€ 0 sinU) cosU) d u @)
€ 0 0 0 1 3

By substituthg the DH parameters in Table ibto equation (1), it can be obtained the
individual transformation matriced; to A 4 and the general transformation matrix from the

first joint to the last joint of the5>-DOF Redundant manipulatazan be derived by
multiplying all the individual transformation matricég§).

e‘]x Ox 8 px?
(f‘n 0 a U

0T =AALAAAA,=EY Y 7Y py{J 2)
L, 2 OZ aZ le(l

<] u
d0 0 0 1y

where (py,py,p,) are the positions and (nx,ny,nz),(ox,oy,oz),(ax,ay,az)} are the

orientations of the endffector. The orientation and position of the @iféctor can be
calculated in terms of joint angles and théHDparameters of the manipulator are shown in

following matrix as:

€C1S23C4C, +5,5,C5 a
e - C1523C4Ss5 - $;54S5 - U6C1S53C4S5 - U6S1S4S5 + UC1C23C5 +U
&t C1C23Ss = €138, +5,Cy u
- +C1CypsC d,C,Cy3 +a,CC, +asc s
é 1C23Cs 4C1Cp3 +85C,C, +34Cy O
é u
51523C4Cs5 - €154C5 >
24. ds - $1523C4S5 + C184S5 - Ug51523C4S5 + U6C1S,S5 + U6S1C23C5 "'3
2T 51C23Ss = 8153354 - C1Cy4 -
é +8,C23Cs d,8:C03 +@55,C, +ayS u
e u
é - dgC03C4Ss - UgSpaCs - dySp3- U
@ C23C4Cs - 52355 - C2354 = C23C4S5 - S23Cs u
é a,S; +d; O
é 0 0 0 1 G
3)

where ¢; =c0s(q), § =Sin(;), €23 = €0S(q, +g) andsy; =sin(q; + )

By equalizing the matrices in equations (2) and (3), the following equations are derived

Py = - d6CiSpaCySs - UgSiSsSs +UgCiCosCs +U,CiCo3 +8,C1C) +A4C (4)
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Py = - d6S1S53C4Ss +U6CiS,S5 +U681Co3Cs +Uy$1Co3 +8,8,C, + &S (5)
P, = - dgCogCsSs - UgSraCs - UsSp:Cs - dsSp3- &S, +d; (6)
Ny = C4S23C4C5 +5;S,C5 + €1C53S5 (7)
Ny =$1S3C4Cs - C;S4C5 +5,C355 (8)
N, =C3C4C5 - Sy3Sg 9
O, =-C;Sy3S, +S,Cy (10)
0y =-51S5354 - C1C4 (11)
0, =-Cy35, (12)
8 == CSaSs - $154C5 + €105 (13)
8y =~ S5LaSs T CS4S5 + 516,865 (14)
8z =~ ColsSs - SpLs (15)

From equation (4) to (15), the position and orientation obtBEOF Redundant manipulator

endeffector can be calculated if all the joint angles are givérs is the solution to the

forward kinematics.

3.2.3. Work space for the 5SDOF Redundant manipulator.

Considering all the EH parameters, the X, y and z coordinates are calculated D@5

Redundant manipulatdand-effector using forward kinematics equation shown in equations

4-15. For solving the forward kinemas equations, the angles of rotation of the joints are

taken as tabulated in Table 1. Figuresdows the workspace for-BOF Redundant

manipulator
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Figure 8. Work space for 5DOF Redundant manipulator

3.2.4. Coordinate frame of a #DOF Redundant manipulator.
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Figure 9. Coordinate frame for a 7DOF Redundant manipulator
3.2.5. Forward kinematics calculation of the #DOF Redundant manipulator.
The D-H parameter for the-DOF Redundant manipulator is tabulated in Table 2.
Table 3. The D-H parameters of the7-DOF Redundant manipulator

frame Link q, (degree) d; (cm) a; (cm) a; (degree)

Op- O 1 g, =- 270to0270 d; =30 0 0
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0,- 0, 2 g, =-110to110 0 -90
0,- 0y 3 0, = - 180t0180 d; =35 90
03- 0,4 4 q, =-110to110 0 -90
0, - Og 5 ds =-180t0180 d; =31 90
Os - Og 6 gs =-90t090 0 -90
Og - O 7 g, =-270t0270 0 0 90
o, - End End _ d, =42 0 0

By substituting the EH parameters in Tabl€ into equation (1),the indvidual

transformation matrices ;/At0 Agng can be obtaineénd the globatransformation matrix
(°Tg,q) from the firstjoint to the last joint of the -DOF Redundant manipulatocan be

derived by multiplying all the individual transformation matricgs,

é‘x Ox & px?
gl"l o, a, p u
0 — —ey y Yy y
TE d _A1A2A3A4A5A6A7AE d_e l\J (16)
" " en, o, a, p,u

Where p,,p,.p, are the positions and{ (n,,n,,n,),(0,,0,,0,),and(a,,a,,a,)} are the

orientatiors of the endeffector. The orientation and position of the @ifictor can be
calculated in terms of joint angles and théHDparameters of the manipulatoeahown in

following equations:

Ny = (C7CeCs - Sysscaca(Cics - 5i5,)- Su(GiS +51Co)} +(Cr566 + 510 Nsalsis - ez )} (17
+56Cr{Cssa(ss; - €1c)- cales; +sico)}

Ny = (C/CeCs - S755KCaCa(SiC2 +CiS2) +sulCiC - 515, )} +(C7506 + 5765 (- ss(sicz + sy )} (19)
+5:C1- Csa(SiC, +GiS,) +ea(cCs - si8,)}

N, = CC6S,C,S5 - CrCeSCy + C/SeSiCy +C, 5SS, +5,C,Cs - SSC,S5 (19

0, =Co{Cs84(SiS; - €1C2)- calCis; +sic. )} - secs{esca(eic, - sis2)- sa(es; +sic.)} (20)
- 5Ss{ss(S5s - €ico)}
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0, =Cof- Cosu(sic, + %)+ CaleC, - siS)} - sses{ecalsic, +as) +silcie, - ss,)} 2
- sssi{- (s, +esy )}

0, = S653CaCs + G556 +S:CaCe (22

8, = (5706Cs + €3 {esCa(CiC - S55,)- Sa(Css, + 510, )} + (575566 - cresfss(sis; - e, )} 23
5651684 (8% - €1C2)- Caless; +56,)}

3y =(s/¢ss + e feca(Sico +esp) +si(oiCs - s )+ (s - cos)- sifse res) o,
55 Cosi(SiC, +0s,) +eulcic, - s58)}

8, = S1C6%5C4C5 - S1C6SsCs + 7565453 + CrCsS3Ss - Colelr (25)

P =0 (8/660s + ;s Hestalare: - 5i%2) - sules, +sica ) +dr (6o - e islss: - acz) (o
+(d75;55 + dsesa(sss: - €ic2)- cales, +sic )} +{- dsles, +sic,)}

Py ={dr(S706Cs + 8¢ Heca(Sic, +e3) +sa(eics - 88, ) +{dy (87566 - cos - ssfsieo v} (o)
+(drs;8 +ds - csy(sic, +6is,) +cleic, - 58 )

P, = 075785C6CsCy = U75;55C6Ca + 075;5553 + S:55,C7C - GC7CoCs + sS85 + )y
(29

From equation (17}28), are the position and orientation of th&-DOF Redundant
manipulatorendeffectorand the exact value of these equatioaa be calculated if all the
joint angles are given. This is the solution to the forward kinematics.

3.2.6. Work space for the7-DOF Redundant manipulator.

Considering all the EH parameters, the x, y and z coordina{gs. Endeffector
coordinates)are calculated fof7-DOF Redundant manipulatousing forward kinematics
eguationas shown in equations “PB. For solving the forward kinematics equations, the
angles ofrotation of thejoints are takemas tabulatedn Table 2 Figure 6 shows the

workspace for this manipulator
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¥-Y-Z coordinates generated for the joint angles using Forward kinematics
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Figure 10. Work space for -DOF Redundant manipulator
3.3.Inverse kinematics of 5DOF Redundant manipulator.
The forward kinematics equations {d5) are highly nonlinear andiscontinuous. It is
obvious that the inverse kinematics solution is very difficult to derive. This paper uses
various tricky strategies to solveetinverse kinematics of the[BOF robot manipulator.

From equations (4) and (13), the following equatiotegved:

Py - dga, =C;(d,Cp3 ta5C, +ay) (29)

Similarly by manipulating in similar way from equations (5) and (14), the following equation

is derived as:
Py - deay =s;(d,Cp3 +a,C, +ay) (30)

It can be noted that the values di, andgs; in 5-DOF Redundantnanipulator only
takes integral values in a limited range. By checking all possible joint agglesind Qs
that (d,Cp3 +@,C, +&), 0 holds good, which means thpy - dsa, and p, - dga, will not
eqguals to zero at same time. Now considering the two possible situations,

If (d,C,5+8,C,8,) >0, the solution forg is,
0y =atan2p, - deay, Py - deay) (31
Otherwise, g, =atan2dsa, - py,dea, - Py) (32
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In solving the inverse kinematics solution of a higher DOF robdtari * function cannot
show the effect of the individual sign for numerator and denominataeptgsent the angle

in first or fourth quadrant. To overcome this problem and determine the joint in the correct
guadrant, atan2 function istroduced in equation8{) and @2).

Now for deriving solutions forg, andg,, equations 49) and B0) can be represented as

follows:
dyCos+a,C, =(Py - dey ) /¢ - & (33)
dsCos+3,C, =(Py - dsy) /S - & (34)
From equations (6) and (15), the following equation can be derived,
P, - ded; =-dsSy- 3,8, +0; (35)
Now consideringequations §3) and (35),
let r=(p-dea)/c - (36)
and r,=-d,S3- &S, +d, (37)

Now squaring the equation36) and @7) followed by addition, equatior88) can be derived

as follows:
07 +28,0,(CoCos +5,85) +85 =T +1; (39
Solving the term<,C,3 +S,S,3 in equation 88), we get
(CoCo3 +5,S53) =COS O3 =- €OS( 3 - P) =COS(- G3) =- COS(P- G5)

Therefoe, there are several possible solutitors);, which are as follows:

o 2 2 ~
o - ap- di 8
=taco% 39
Os ge 2a,d, 0 (39)
e d2- r2+r? O‘a
or —°ép aco (40
ﬁa 2a,d, _u

Where the positive sign on the right hand side of the equation denotes for theoetbow
and the negative sign represents elinwonfiguration. The two solutions for the elbawt

and elbowin of the5-DOF Redundanmanipulator are shown in thégre 10
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Figure 11. Elbow iin and Elbow-out configuration
Now consider the possible solutions dgr

For the sake of convenience, equati®b) can be rewritten as equatiofi]:
dsS;3=B; - a8, (41)
Where dga,- p,+d, =B,
Considering the equation33) and 34), equation42) is derived as:

dyCo3 +a5C, =° \/(‘ a,ds +p,)° + (- a,dg + py)2 (42

LetB, =° \/(- a,dg +p,)2(-a,dg +p,)?, SO equation42) can be rewritten as
d,Cp3 =B, - a5c, (43
Rearranging equationgt]) and @3) and solving fos,, B,. Equations 44) and @5) are
derived as:
B, =(dsc5 +a;) s, +(dss;) C, (44)

B, =(dsc3 +a,)C; -(d,sS3) S (45)

Dividing both sides of44) and @é5), by,/BZ + B3 , equations46) and ¢7) are derived as,

cosq* sing, +sing* cosq, = —% (46)
cosg* sing, -sing* cosq, = B, (47)

\Bf +B3
(diCs+3)  gng sing= (d,S5)
JBf +B3

where cosq =
\BZ+B3
The equations4) and @7) are rewritten as:

sin@+g)= — L (49)

B2 +B3
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And cos@+0,) = ——2— (49

JBZ+B2
(dsc3 +ay)

Therefore, q+q, =atan2(B,,B,) +2mp and q=+acos 2322/,

JBZ+B3
where m =-1, 0 or +1. It is clear thaty could be in[o, p]or[- p,0]. The range ofq
depends on the range®j. Therefore, iD¢ g, ¢ p, thens; >0andsin(q) <0, thu0¢ gt p

. Then, g,can be derived as:

q, =atan2(B, B,) - acos9aCa *3) | 2mp (50)

JBZ?+B3
Otherwise if- p<q; <0, thens; <0 andsin(g) <0, thus- p<qg<0. Then the next possible

solution for q,is as:

q, =atan2(B, B,) + acosJeCe*t2) | 2mp (51

JB?+B3

Now that g;,0,,and g, are known, the solutions fofj, and g; can be found by using the

remaining forward kinematics equations.

0
Consideringhe equation (12), the valueSaf= - C—Z whenCy;, O (52
23

Similarly, from the equations (10) and (11), the possible solutiorCjois derived as:

(0, - CS,90,/Cy3)

Cy = (53
* S
- (o, - /
and again Cy= ©, Slcslzsoz ) (59

using equationg3) and 64) for small value ofC;, the solution forg, is

Q= atanz?g 9 (0, - &S50,/ ng)g (55)
¢ Cas3 S +
Otherwise for smaB;, q, = atanZ% o, ~(0- 5152302/023)g (56)
¢ Cas G T
+
Now for solution ofgs,considering equation (9), the value of :% (57
23%4

Similarly the value ofS; is derived by using equation (15) i.e.,
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__ 4, +50
s =- 22 %S (58)
Co3Cy

using equation (41) in (40) and vice versa, the tégand Sy is rewritten as:

¢ = N,CosCs - Spa?, (8,CoC4 *Sp3N,)
2 2 2 2.2
CoCt + s C23C4 * 533

now using this above derivation 6§ and Sg, Qs is derived as follows:

and S =-

0s = atan?- (2,654 + 5, ). (N6, - S8, )} (59
The above derivations with various conditions being taken into account provide a
complete analytical solutn to inverse kinematics ofBOF Redundanmanipulator It is to

be noted that there exist two possible solutionsgfgn,, q;, q, depicted in (3} or (32), (50)

or (51), (39 or (40), (55) or (56) respectively. So to know which solution holds good to study
the inverse kinematics, ajbint angles are obtained and compared using the forward

kinematics solution. This process is being appliedgfad,,qs,q,.To choose the correct

solution, all the four sets of possible solutions (joint angles) calculated, which generate four
possble corresponding positions and orientations using the forward kinematics. By
comparing the errors between these four generated positions and orientations and the given
position and orientation, one set of joint angles, which produces the minimum oioosen

as the correct solution. The solutio®2); (50), (39), and 66) holds correct for obtaining the

values oty,, g,,qs,q, respectively.

*kkkk
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CHAPTER 4
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Chapter 4
4. ANFIS Architecture

ANFIS stands for adaptive neufozzy inference system developed by Roger Jaip It
is a feed forward adaptive neural network which impdidazzy inference system through its
structure and neuronsle reported that the ANFIS architecture can beleygal to model
nonlinear functionsidentify nonlinear components dime in a control system, and predict a
chaotic time series. It ia hybrid neurefuzzy technique that brings learning capabilities of
neural networks to fuzzynference systemslt is a part of the fuzzy logic toolbox in
MATLAB R2008a software of Math Work Inc [58]. The fuzzy inference system (FIS) is a
popular computing frame work based on the concepts of fuzzy set theory, fillzen ifule,
and fuzzy reasoning. It has found succesapglication in a wide variety of fields, such as
automatic control, data classification, decision analysis, expert system, time series prediction,
robotics, and pattern recognitiomhe basic structure of a FIS consists of 3 conceptual
components: a rulease, which contains a selection of fuzzy ruledatabasgewhich define
the membership function used in fuzzy rules; a reasoning mechanism, which performs the
inference procedure upon the rules and given facts to derive a reasonable output or
conclusion.The basic FIS can take either fuzzy input or crisp inputs, but outputs it produces
are almost always fuzzy sets. Sometime it is necessary to have a crisp output, especially in a
situation where a FIS is used as a controller. Therefore, method of dehitrzifics needed
to extract a crisp value that best represent a fuzzy set.

For solving the IK of EDOF and YDOF redundant manipulator used in this w&tgeno
fuzzy inference system is used, to obtain the fuzzy model,. The Sugeno FIS was pbyposed
Takagij Sugeno, and Kang [580] in an effort to develop a systematic approach to generate
fuzzy rules from a given input and output data set. The typical fuzzy rule in a Sugeno fuzzy

model for three inputs used in this wddk both the manipulatdnras the fom:

fxis A, yis B and zis C, then=f (X,Y,2),

where A, B, C are fuzzy sets in the antecedent, \&hid (X, Y, z) is a crisp function in

the consequent. Usually(X,Y,z) is a polynomial in the input variables x, y, and z but it can
be any function as long as it can appropriately describe the output of the model with the fuzzy
region specified by antecedent of the rule. WiHeny,z) is a first order polynomiathe

resulting FIS is called first order Sugeno fuzzy model. When the fuzzy rule is generated,

fuzzy reasoning procedure for the fuzzy model is followed as showigume 3. Since each

Mechanical Engineering Department, N.I.T Rourkela Page36



M.Tech. Project Report 2012

rule has a crisp output, the overall output is obtained via weigivigge, thus avoiding the
time consuming process of defuzzificat required in Mamdani model [§1n practice, the
weighted average operator is sometime replaced with weighted sum operator (that is,

z=wz, +W,z, +Wz,in the Hgure 3) to reduceomputation further, especially in the training

of FIS.

+1

fo=px+qgy+pz+s

* 2

; Y f= al(WIfl)
aiWi

* 7

fr=px+gy+6z+s

Figure 12. The Sugeno fuzzy model for three input

From the above theory, it can be conclude that the antecedent of a fuzzy rule define a local
fuzzy region while the consequent describe the behaviour within the region via various
constituent. The consequent constitute of a first order Sugeno modelnisaa diquation.
Different consequent constitute results in different FIS, but their antecedent are always same.
Therefore, the method of portioning is followed, which is applicable to all three types of FIS
like Sugeno, Mamdani, Tsukamoto [62]. The Gridtpan method is often chosen in
designing a fuzzy controller, which usually involves only several state variables as input to
the controller. This partition strategy needs only a small number of membership functions for
each input. However, it encountgeoblems when a large number of inputs are taken into
consideration, leading to curse of dimensionality. Then the training of FIS is occurred, with
some optimisation method like gradient descent and least square method. So, in this
optimisation method, texplain the iteration and relationship between input and output of a

system, a mathematical model is determined by observing its input and output data pairs, is
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generally refer to as system identification. The system identification includes the following
steps [63].
1 Specify and parameterize a class of mathematical model representing the system to
be identified.
1 Perform parameter identification to choose the parameters that best fit the training
data.
1 Conduct validation tests to see if the model identifiesponds correctly to an
unseen data set.
1 Terminate the procedure once the results of the validation tests are satisfactory.
Otherwise, another class of model is selected and steps 2 through step 4 are

repeated.

From the above discussions, it is concluded that ANFIS is a fuzzpaskd model using
neural network like structure (i.e. involving nodes and links). It consists of five layers
implementing fuzzy inference systems shematically shown in Figure 12. gtsquare
nodes are adaptive nodes and the circle nodes are fixed ones. Figure 12 shows a simple
ANFIS model that has been used in this work with three inputs (X, y, and z), seven
membership functions for each input, and 343 rules for three inputs. TthHayesof ANFIS
determines the degree to a fuzzy condition involving the given input by using membership
functions (A and B). The second layer evaluates the truth value (matching degree) of the
premise of each rule in the rule base. The third layer alires these truth values. The fourth
layer computes the consequent of each rule. Finally, the fifth layer computes the aggregate

output of all the rules.

The above mentioned layers for a first order Sugeno modebeatescribe in detail as

follow. Here he Gaussian membership function is used f&OF Redundant manipulator.

Layer 1: (Input layer)

In this layer, each node is equal to a fuzzy set and output of a node in the respective fuzzy set
is equal to the input variable membership grade. The paraadteach node determine the
membership function (Gaussian membership function for this present work) form in the fuzzy

set of that node.
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oy =M, (x), fori=1,2,....,7
oy =my (y), fori=12,....7
o, = (2), fori=1,2,....,7

where X, y, z are the input to node ands,,c, are the linguistic label associated with this
node.The 0;;indicatethe f" node output in the layer For the neurduzzy model used in
this work, the membership function for A, B, C is taken as Gaussian which is an appropriate

parameterized membership function.

2 2
ax-¢c

M
M (X) =my(y) =me(2) =e “* °

QDO

N |

Il n which x 1is the 1input value of the node
function centre and 6006 determines the Gauss
Layer 2: (Product layer)

The output d each node represents the weighting factor of rule or product of all incoming
signals. In whichm, is the membership grade of x i) fuzzy set andmn,, is the membership
grade of y in fuzzy seg, and Nt; is the membership grade of of z in fuzzy setHere AND

(YY) operator is used to product the input me

0y =W =My (X)® g (y)* M, (2) where i-1,2,...,7
Layer 3: (Normalization layer)

Every node (circle) in this layer is a fixed node labelled as N. This layer is also called
normalised layer. It calculates the ration of weight factor of the rule with total weight factor.
Here w; is refer to as the normalised firingesgth.

W,

= ! , Where 1=1,2,...,7
W, +W, +.. W,

Layer 4:

The output of every node is calculated by multiplying the normalised one with the consequent

parametersi;,q;,r;) of the linear function.

Where, f; =px+qy+rz+s
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Again the output of thiayer is,
04 =Wf; =W(pX +Qjy +5Z+S)

Layer 5:

The single node here is a fixed node, labe#le® , which compute the overall output as the

summation of all incoming signal. It can be expressed as follow:

((wif;)

overall output=og; =q , Wf; = aw

Thus, fromthe above theory an adaptive network is constructed, which is functionally
equivalent to Sugeno fuzzy model. Note that the structure of this adaptive network is not
unique as by combining layer 3 and layer 4, an equivalent network can obtain with only four

layers.
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Figure 13. Architecture of three inputs with seven membership functions of the ANFIS model

4.1 ANFIS Architecture used for 5-DOF Redundant manipulator.

The coordinates and the angles obtained from forward kinematics solutions are used as
training data to train ANFIS network with the triangular membership function with a hybrid
learning algorithm.For solving the inverse kinematics equatioh 5-DOF Redundnt
manipulator, in this workconsiders the ANFIS structure with first order Sugeno model
containing 343 rules. For the nedfitwzy model used in this workl024 data points
analytically obtained using forward kinematics, of which 776 are used for tjaamd the

remaining 248 are used for testing (or validating).
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Training of ANFIS is usually performed by using ANFISted GUI of MATLAB [64].
The ANFIS Editor GUI window displays the four main sub displays. These are 1. Load data,
2. Generate FIS, 3. Train FIS and 4. Test FIS. Once the FIS is generated, the model structure

can be viewed as shown in Figurg

Click 0n £ach node ta see detailed information

Update | ‘ Help ‘ | Close

Figure 14. ANFIS model structure used for 5DOF Redundant manipulator

The branches in FigurE3 are color coded. Color coding of branches characterize the rules
and indicate whetheaand or, not are used in the rules. The input is represented by the left
most node and the output by the rightdst node. The node represents a normalization factor
for the rules. Clicking on the nodes indicates information about the structure. To start the
training, GENFIS1 function is used. GENFIS1 uses the grid partitioning and it generates
rules by enumerating all possible combinations of membership functions of all inputs; this
leads to an exponential explosion even when the number of inputs is moderatelydarge. F
instance, for a fuzzy inference system with 3 inputs, each with seven membership functions,
the grid partitioning leads to 343 (=3) rules. GENFIS1 use a given training data set to
generate an initial fuzzy inference system (represented by a FIS)rtiadti can be fineéuned
via the ANFIS command. GENFIS1 produces a grid partitioning of the input space and a

fuzzy inference system where each rule has zero coefficients in its output equation.
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4.2 ANFIS Architecture used for 7-DOF Redundant manipulator.

For solving the inverse kinematics equation eD@F Redundant amipulator, in this
work, the gid partitioning option in the ANFIS toolbox is useéor each input, 7
membership function (Gaussian membership) are used along with 343(=773) fuzzy rules are
applied for all three inputs. For the nedftezzy model used, 2187 data points are analytically
obtained from MATLAB, of which 1640 are used for training and the remaining 547 are used
for testing (validating). The model structure for th®®@F Redundant nmapulator used in
ANFIS can be viewed as similar to the structure obtained-DO% Redundant manipulator
as discussed in the previous section. For obtaining the model-®F Redundant
manipulator the Gaussian membership function with seven numbeerabenship for each
input is used ashown in following figure 14. The model structure obtained fddQF
manipulator. The Anfis information used for solving th®@F Redundant manipulator for
this work is tabulated in Table. 4.

Table 4. ANFIS information used for solving -DOF Redundant manipulator

3 inputs : Cartesian coordinates: X, y, and z

1 output : joint coordinate
7 member functions each input node : Sugeno types

Number of nodes 1734

Number of linear parameters 1372

Number of nonlineaparameters 142

Total number of parameters 1414

Number of training data pairs : 1638

Number of checking data pairs : 2187

Number of fuzzy rules : 343
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Figure 15. ANFIS model structure usedfor 5-DOF Redundant manipulator
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Chapter 5

5. RESULT AND DISCUSSION
In this section of the thesis the surface plots, the residual plots and the normal probability

plots for the 5DOF and 7DOF redundant manipulator is carried out. The surface plots
obtained for this type of manipulators explains the efficiency of the ANReé8odology.

The residual plots obtained by comparing tredicted data from the ANFIS and the
analytical data show that, the data predicted using ANFIS methodology deviate very less
from the analytical data. The last section of this chapter is conchitedobtaining the

normal probability plots. The details of the plots are explains in the following section.

5.1 3-D Surface viewerAnalysis
In this sectionthe 3D surface plots, obtained for thel8OF and 7DOF Redundant
manipulator is discussed. Tharface plot dispaly both the connecting lines and faces of the
surface in color. The surf command in MATLAB tool is use to create-bes@rface plots of
the matrix data. The surface plot explains the relation between the output and two inputs.
5.1.1 3-D Surface plotsobtained for all joint angles of 5-DOF Redundant manipulator
Figures15-19 show surface plot of five ANFIS networks relating inputs with joint angles

of 5-DOF Redundant manipulatorFigure 15 indicates the surface plot between Cartesian

coordinates y and z fo€]; . It shows that when the values of y and z moving in a positive
direction, there is a marginal increase followed by a decre&@}e \alues. Thenputsoutput

surface plot ofg,is shown in Figurd6. The Figure depicts that thalue of g, increases
linearly when moving in the positive direction of y coordinate to some values of y and then
there is a sudden increase @$ values. No significant change in the value®f is ob®rved

with change in values of z coordina®y moving from negative direction to the positive

direction of x and y coordinates, th@;value decreases first then followed by slightly
increase can be easily conclude from figui&. Similarly the surface plot ofis with input
variables x and z coordinate is depicted in figlie It shows that the value of inputs has
significant effect in determining the value @f. It concludes from the swade plot that the

contribution of interdependent parameters toward obtaining the output can easily provide

through the ANFIS algorithm and can be hardly obtained otherwise without employing
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massive computationgll the surface viewer plots show that tlwga surface is covered by
the rule base.
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Figure 16. Surface plot for g4
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oo0 . TR

sond .o '

output

400

inpLt2 -400

input

Figure 18. Surface plot for Q3
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Figure 20. Surface plot for (g

5.1.2 3-D Surface plotsobtained for all joint angles of 7-DOF Redundant manipulator
The following Figure 9-25 shows the three dimensional surface plot of ANFIS network

relating to the joint angle of-DOF Redundant manipulatdfigure 19 indicates the dace

plot between Cartesian coordinates y and zgpr When the value of z decreases, there is a
sudden increase iy value followed by decrease at the middle range of z value and there is
no significant change #§; value for y coordinateThe inputsoutput surface plot of}, is
shown in Figure20. The Figure depicts that the value dfdecrease first followed by

increase, for the increase in the value oNp. significant change in the value &, is
observed with change in values wpfcoordinate.When y changes from positive value to
negative value, there is a marginal increase in the valu€phs well as there is no
significant change with the value of z, as clearly noticed from Figure 21. With the increase in

y value, at its middle range, the value @f decrease first then increase, where as there is no

Mechanical Engineering Department, N.I.T Rourkela Page48



M.Tech. Project Report 2012

significant change fovalues of z, as depicted in Figure 23. Similarly, the 3 dimensional

surface viewer forQ,, Qg , g, can be explaiill the surface plots obtained from ANFIS,

are continuous, smooth and the total scefis covered by the rule base.
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Figure 21. Surface plot for g4
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Figure 22. Surface plot for q,
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5.2 Residual Plot Analysis

Residuals are the difference between the predicted output from the model (ANFIS) and the
actual values of joint angles. The residual plot is a gtaph shows the residuals in the
vertical axis and the independent variables in the horizontal axis. If the points in the residual
plot are randomly dispersed around the horizontal axis, the prediction model is considered to
be appropriate for the data iteere is no drift in the datén this section the residual plots are
obtained for training and testing data of all joint angles-BIC Redundant manipulator. It
depicts the distribution of resiauals of all joint angles are in the positive and neapasivaf

the plot. The residual plots forBOF and DOF are shown in following section.
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5.2.1The Residual plot of Training data forall joint angle of 5>DOF Redundant
manipulator.

The residual plots of training data fay,q,,q;,9, andgsof 5-DOF Redundantrobot

manipulator are depicted in Figur@3-31 respectively. The residual plot shows a fairly
random pattern as some of the residuals are in positive and some are lies in the negative side

of the horizontal axis. Figur27 shows a random patteindicating a good fit for training
data of ¢;. As a very large number of residuals lie close to the horizontal axis shown in

Figure28, it indicates a reasonably good fit fo,. The Figure29-30 indicates a deceriit
to the model ofq5 andq, as most of the residuals lie betwe€01 to 0.01. The Figurgl

explains the residual plot for training datadpf. It indicates a few of the residuals @f lies

beyond the range0.1 to 0.1 and does not alter the prediction model of the data. The average
absolute error (actual minus and predicted values) for the training data are found to be
0.0700, 0.0011, 0.0330, 0.0850, and 0.0240tie joint coordinatesy,,q,,qs,d, andgs

respectively. Similarly, the average absolute error of the testing data for the joint coordinates

d,.9,,9s,9, andgg are found to be 0.06, 0.03, 0.09,0.10, and 0.11 respectively.

Residual

Number of Observation

Figure 28. Residual plot of training data for q;
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Figure 29. Residual plot of training data for
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Figure 31. Residual plot of training data for Q,
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Figure 32. Residual plot of training data for Qs
5.2.2The Residual plot of Tesing data for all joint angle of 5DOF Redundant
manipulator.

The residual plots of testing data fay;,q,,d;,q, andgsof 5-DOF Redundantrobot
manipulator are studiedlhe residual plot shows a fairly random pattern as some of the
residuals are in positiv@xisand some are lies in the negatasas of the of the graphFigure
32 shows a random pattern indicating a good fit for training déta,. As a very large
number of residuals lie close to the horizontal axis shown in Fig8ret indicates a
reasonably good fit far,. The residuals folg; lie between-0.2 to 0.2 and distributed over
both sides of the mean line. It indicates that the prediction model iswigt for the study
Figure 34 The Figures35-36 indicates a decent fit to the modelgfandgs as most of the
residuals lie betweer®.03to 0.03
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Figure 33. Residual plot of testing data forq,
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Figure 34. Residual plot of testing data for(,
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Figure 36. Residual plot of testing data forQ,
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Figure 37. Residual plot of testing data forgs

5.2.3The Residual plot of Training data for all joint angle of 7DOF Redundant
manipulator.

Similarly the residual plots ofraining data for q,,q,,0ds,d,,0s,0s, @andg, of 7-DOF

redundant ebot manipulator are studiedihe residual plot shows a fairly random pattern as
some of the residuals are in positive and some are lies in the negative side of the horizontal

axis. Figure37 shows a random pattern indicating a good fit for training datg.4s a very
large number of residuals lie close to the horizontal axis shown in Fa@ie indicates a

reasonably good fit fog,. The Figures39-40 indicates a decent fit to the modelcaf and
g, as most of the residuals lie betwe€01 to 0.01. The Figurél explains the residual
plot for training data odj5 . It indicates a few of the residuals @flies beyond the rang®.1

to 0.1 and does not alter the prediction model of the d&ka.residual plots of training data

for g, , g, are depicted in Figure 42 and Figure 43.
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Figure 38. Residual plot oftraining data for q,

Mechanical Engineering Department, N.I.T Rourkela Page56



M.Tech. Project Report 2012

E : - . v # Residuals
2 Number of Obsevations
Figure 39. Residual plot oftrain ing data for Q,
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Figure 40. Residual plot oftrain ing data for 0,
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Figure 41. Residual plot oftrain ing data for g,
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Figure 42. Residual plot oftrain ing data for Qs
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Figure 43. Residual plot oftrain ing data for Qg

Number of Observations

Figure 44. Residual plot oftrain ing data for g,

5.2.4 The Residual plot of Tesing data for all joint angle of 7-DOF Redundant
manipulator.
The residual plots of testing data fey,d,,ds,9,,0s5,0s, @andg, of 7-DOF redundant

robot manipulator are studiddhe residual plot shows a fairly random pattern as some of the
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residualsare in positiveaxisand some are lies in the negatases of the of the graphFigure

32 shows a random pattern indicating a good fit for training data,ofAs a very large

number of residuals lie close to the horizontal axis shown in Fig8ret indicates a

reasonably good fit for,. The residuals fou,lie between-0.2 to 0.2 and distributed over

both sides of thenean line. It indicates that the prediction model is weiled for the study

Figure 34 The Figures35-36 indicates a decent fit to the model gfandg; as most of the
residuals lie betweer®.03to 0.03 The residal plot ofg, andg, are presented in Figure 49

and Figure 50.

Number of Observations

Figure 45. Residual plot oftesting data for Q4
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Figure 46. Residual plot oftesting data for d,
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Figure 47. Residual plot oftesting data for gz

Figure 48. Residual plot oftesting data for q,

Figure 49. Residual plot oftesting data for Qs
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